Introduction
Human T-lymphotropic virus type 1 (HTLV-1) is a complex delta-retrovirus that infects 15 to 20 million people worldwide. 1 HTLV-1 is associated with 2 diseases: adult T-cell leukemia (ATL) and the neurodegenerative disease tropical spastic paraparesis/ HTLV-1-associated myelopathy. [2] [3] [4] HTLV-1 is endemic in areas of southern Japan, the Caribbean basin, intertropical Africa, the Middle East, South America, and Papua New Guinea. 5 HTLV-1 is transmitted primarily through breastfeeding (mother-to-infant), sexual transmission, and blood transfusion.
Although the majority of HTLV-1-infected people are asymptomatic carriers, approximately 2% to 5% will develop ATL. 6 In most cases, the disease develops over a 40-to 70-year period. This suggests that, as with other human cancers, genetic and epigenetic changes must occur for the development of ATL. 7 Because of the diverse clinical features of ATL, it has been subclassified as smoldering, chronic, lymphoma and acute.
Although several therapeutic approaches have been used, ATL continues to carry a very poor prognosis. Resulting in part from overexpression of the multidrug resistance gene and p53 inactivation, 8, 9 ATL is often resistant to chemotherapy with median survival time of 6.2, 10.2, and 24.3 months for the acute, lymphoma, and chronic subtypes, respectively. 10 Cyclophosphamide, doxorubicin, viscristine, and prednisolone are usually the first-line therapy for ATL. Although several reports indicate that approximately 60% of patients exhibit a partial or complete remission, [11] [12] [13] overall survival of patients on various chemotherapeutic regimens remains poor, with an estimated survival ranging from 5 to 13 months. Treatment of patients with antiretrovirals and interferon-␣ can result in a partial, but dramatic, clinical response, albeit short-lived. 14 Targeting cell differentiation markers on malignant cells using monoclonal antibodies have been used as an alternative approach. Because of the high level of interleukin-2␣ (IL-2␣) receptor (CD25) expression on ATL cells, Waldmann et al were the first to treat patients with anti-CD25 (anti-Tac) monoclonal antibodies and achieved a response in 3 patients lasting up to 8 months in one study and 2 complete remissions and 4 partial remissions in 19 patients in a follow-up study. 15, 16 Yttruim 90 labeling of the antibody and development of a humanized version of anti-CD25 (Zenapax, daclizumab) showed a slight improvement in ATL treatment. 17 Waldmann's group has used a humanized monoclonal anti-CD52 (Campath-1H, alemtuzumab) antibody, which showed efficacy in a nonobese diabetic/severe combined immunodeficiency animal model for ATL. 18 To date, reports on 2 patients treated with Campath-1H suggest that the monoclonal antibody alone or in combination with pentostatin reduces viral load and restored normal cell counts. 19, 20 Further studies are necessary to assess the use of anti-Campath-1H for ATL therapy. The poor prognosis and frequent relapse of patients highlight the need for development of new approaches and novel therapeutic targets for the treatment of ATL.
With the advent of global gene expression analysis, DNA microarray technology has allowed researchers to develop expression profiles that can identify and classify discrete subsets of disease, predict disease outcome, or predict disease response to therapy. Expression profiles of HTLV-1-infected cells and Taxexpressing cells grown in vitro have provided a list of HTLV-1/Taxregulated genes. [21] [22] [23] [24] Many of these genes are involved in regulation of T-cell proliferation, such as IL-2, IL-2R␣ (allowing for an autocrine loop), IL-15, IL-15R, granulocyte-macrophage colonystimulating factor (GM-CSF), and tumor necrosis factor-␣ (TNF-␣). 1, 2, 25 As noted, however, the oncogenic features of HTLV-1-infected cells versus malignant cells from ATL patients have distinct phenotypes. 1, 26 This underscores the importance of examining the gene expression profiles from ATL patient samples.
We have examined the gene expression profile of uncultured lymphocytes from 32 ATL patients who included smoldering, chronic, lymphoma, acute leukemia, and drug-treated patients using Affymetrix arrays containing 14 500 genes. This study is the most comprehensive to date of ATL patients. 27, 28 Leukemia cells were characterized by a striking increase in genes linked to the cell cycle (CDC2, cyclin B), hypercalcemia (RANKL, PTHLH), tyrosine kinase signaling (SYK, LYN) pathways, and antiapoptosis (BIRC5) factors.
In view of the antiapoptotic function of BIRC5 (survivin) and its importance in other human cancers, we focused our initial analysis of the complex microarray data on this protein. Our rationale was that, if overexpression of BIRC5 in ATL cells could be linked to cell viability, there are several clinically targeted BIRC5 therapies that could be tested for the treatment of ATL. In addition to showing that BIRC5 gene expression is linked to TCF4 transcription activity, the importance of BIRC5 in ATL cell viability was demonstrated using shRNA. Introduction of BIRC5 shRNA into ATL cells specifically down-regulated BIRC5 expression and decreased ATL cell viability. Our studies also provide the first analysis of BIRC5 gene expression in uncultured ATL patient cells after clinical treatment. Acute ATL patients were treated with either Zenapax or bortezomib, and gene expression profiles were examined before and after treatment. As the level of circulating ATL cells decreased because of cell death, a decrease in BIRC5 gene expression was observed. Our findings support BIRC5 and TCF4 as biomarkers for ATL cells and BIRC5 as a rational clinical target in the treatment of ATL.
Methods

Cells and transfection
Diagnosis of ATL was confirmed by clinical features, immunophenotypes, anti-HTLV-1 antibody, viral load, and monoclonal proviral integration. Peripheral blood lymphocyte (PBL) samples were from National Cancer Institute Institutional Review Board-approved studies. Informed consent was obtained from all subjects, in accordance with the Declaration of Helsinki. Peripheral blood or leukocyte packs were obtained from ATL patients by leukopheresis and purified over Ficoll Paque (GE Healthcare, Little Chalfont, United Kingdom) to obtain peripheral blood mononuclear cells (PBMCs). Surface marker expression for CD4, CD25, and CD8 was determined by flow cytometric analysis of patient PBLs. PBMCs were obtained from 6 healthy volunteers. Purified CD4 ϩ cells were obtained through positive and negative selection using CD4 ϩ selection following the manufacturer's instructions (Dynal, Oslo, Norway). HTLV-1 cell lines MT2 and C8166 used in the bortezomib (PS-341) studies were cultured as described previously. 29 MD) was performed using Amaxa Nucleofector as described by the manufacturer (Amaxa Biosystems, Gaithersburg, MD). Top and Fop constructs contain 3 copies of the TCF site wild-type (5Ј-AGATCAAAGG-3Ј) or mutant (5Ј-AGGCCAAAGG-3Ј), respectively, upstream of the c-fos promoter driving luciferase gene expression. Cell viability was measured using CellTiter-Glo (Promega, Madison, WI). Western blot analysis was performed on 80 g whole-cell lysate with antibodies to BIRC5 (Abcam, Cambridge, MA) and actin (Sigma-Aldrich, St Louis, MO).
RNA and probe synthesis
Total RNA was isolated from lymphocytes using RNA-Bee reagent following the manufacturer's instructions (Tel-Test, Friendswood, TX) followed by purification using RNeasy Mini-columns (QIAGEN, Valencia, CA). cRNA probes were prepared using the Affymetrix protocol and hybridized to HG-U133A2.0 GeneChip oligonucleotide arrays (Affymetrix, Santa Clara, CA). Analysis was performed with GeneChip Operating Software (MAS5.0). After identifying genes increased or decreased by at least 2-fold for all ATL samples compared with CD4 ϩ controls, the gene list was analyzed using Pathway Studio, version 4.0 software (Ariadne Genomics, Rockville, MD). Semiquantitative reverse transcription polymerase chain reaction (RT-PCR) was performed to validate RNA expression. One microgram RNA was reverse transcribed to cDNA as described by the manufacturer (Ambion, Austin, TX). Real-time qPCR was then performed on a Stratagene Mx3000P system using primers specific for BIRC5: 5Ј-GAGGAGACAGAATAGAGTGATAG-3Ј; 5Ј-GAGCTGCTGCCTCCAAAGAA-3Ј and GAPDH: 5Ј-GCCAGTGGACTC-CACGAC-3Ј; 5Ј-CAACTACATGGTTTACATGTTC-3Ј (Stratagene, La Jolla, CA). PCR was performed at multiple cycles to maintain the amplification in a linear range.
MTT assay
The methyl-thiazol-tetrazolium (MTT) assay was performed following the manufacturer's instructions (Chemicon International, Temecula, CA). Briefly, cells were plated in duplicate in a 24-well plate in RPMI media containing 0, 3, 5, 10, or 20 nM bortezomib or 2% Triton X-100 as a positive control. After 24 or 48 hours, the cells were suspended and 0.1 mL was transferred in triplicate to a microtiter plate for MTT analysis. Measurements were taken on an enzyme-linked immunosorbent assay plate reader at a wavelength of 570 nm and a reference wavelength of 630 nm.
Apoptosis cDNA array
Cells were treated with 0 nM or 10 nM bortezomib for 48 hours. Total RNA was harvested and the protocol for cDNA GEArray was followed as outlined by the manufacturer (Superarray Bioscience). Expression was quantified using FluorChem (Imgen Technologies, Alexandria, VA).
All microarray data have been deposited with Gene Expression Omnibus under accession number GSE14317. 30 
Results
Clinical characteristics of ATL patients used in this study
Thirty-two HTLV-1-associated ATL patients with smoldering, chronic, lymphoma and acute leukemia were analyzed (Table 1) . Also included were 2 HTLV-1-seropositive patients (ATL9 and ATL17) with no evidence of disease, 5 patients (ATL2, ATL3, ATL10, ATL11, and ATL21) treated with Zenapax, and 1 lymphoma patient (ATL8) with transformation to acute leukemia treated with bortezomib. Diagnosis of ATL was made on the basis of clinical features, hematologic characteristics, flow cytometric analysis (CD3 dim, CD25 bright, CD7 negative), serum antibodies against HTLV-1 antigens, elevated levels of soluble IL-2R␣, and detection of the HTLV-1 proviral genome in leukemia cells by Southern blot hybridization or PCR analysis. 
Steroids
The majority of cases of patients described in the 31 we chose to analyze gene expression patterns in uncultured and unstimulated cells. Immediately after apheresis or collection of the blood sample, PBLs were isolated and RNA extracted. After the generation of cRNA, samples were hybridized to Affymetrix HG-U133A2.0 arrays and expression patterns analyzed using the BRB-Array Tools program (Biometric Research Branch, National Cancer Institute). The gene expression pattern of control and ATL samples, analyzed by unsupervised dendrogram analysis, revealed distinct clustering of leukemia, lymphoma, and control samples (Figure 1 ). The tightest clustering among the ATL patients was seen in the leukemia group (Figure 1 solid green) , which branched from the control group (Figure 1 red) , indicating that gene expression patterns clearly distinguish ATL patient lymphocytes from normal control lymphocytes. Lymphoma samples (Figure 1 brown) demonstrated the greatest degree of heterogeneity with patients ATL5, 6, 7, and 8 forming one expression cluster and ATL25, 28, 29, 30, and 33 forming a second distinct cluster. Strikingly, 3 other lymphoma patient samples (ATL5a, ATL8a, and ATL12), which had undergone transformation to acute leukemia, clustered with the leukemia samples. Using the BRB-Array Tools program, a class prediction was performed on the smoldering/ chronic/carrier, lymphoma, leukemia, and control groups. By 1-nearest neighbor, 3-nearest neighbor, or newest centroid analysis, the clinical presentation of the patient samples can be predicted with 80% confidence based on the expression pattern of 9684 genes that pass the filter (P ϭ .001).
Gene expression patterns observed in acute leukemia versus CD4 ؉ lymphocytes
The tight clustering and homogeneity of the cell populations for leukemia samples prompted us to focus our initial analysis on expression patterns of leukemia versus CD4 ϩ lymphocyte controls.
Of the 14 500 genes assayed, 1232 known genes were identified that were elevated an average of 4-fold or greater (Table S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Quantitative RT-PCR studies on selected genes confirmed expression changes indicated by Affymetrix analysis ( Figure S1 ). To note a few of the more prominent genes that have been previously reported to be upregulated in ATL or Tax-expressing cells, we observed high levels of expression of IL2R␣, proliferating cell nuclear antigen, CD3, and major histocompatibility complex class II genes (Table S2) .
Our analysis also identified several unique or singly referenced genes that were overexpressed in the leukemia cells. For example, TNFSF11 (RANKL) is increased in the leukemia cells. Although there is variation in the absolute levels of TNFSF11 expression in individual ATL samples, 13 of 14 leukemia patients showed significantly elevated expression over controls (data not shown). This observation is of particular interest because one report suggests that RANKL mediates the hypercalcemic effect of MIP-1␣ in ATL. 32 In agreement with deregulation of genes involved in hypercalcemia, a significant increase in PTHLH expression, a gene known to play a role in hypercalcemia was observed in 11 of 16 leukemia samples.
We also note that RGS13 was overexpressed approximately 75-fold in the leukemia cells (Table S1 ). Analysis of individual patients indicated that RGS13 was significantly overexpressed in 14 of 14 leukemia samples tested ( Figure S1 ). This gene is of interest because it regulates signaling of chemokine receptors and significantly impacts lymphocyte migration and function. 33 Because RGS proteins enhance deactivation of G-protein ␣ subunits, they reduce activation of downstream effectors, probably rendering the leukemia cells unresponsive to chemokine signals.
Oncogene MAFb was also significantly overexpressed in the ATL leukemia cells. Although overexpression of this cellular oncogene has been reported in peripheral T-cell lymphoma-not otherwise specified and large B-cell lymphoma, the gene has not been previously related to ATL. MAFb expression was also Figure 1 . Unsupervised hierarchical clustering of ATL and CD4 ؉ samples was completed using a 1-correlation metric with centroid linkage. Control, CD4 ϩ samples (orange), and leukemia (green) samples formed distinct groups. Whereas lymphoma samples (brown) formed a distinct group, smoldering (blue), chronic (purple), and carrier (white) samples were more diverse.
Chondroitin sulfate proteoglycan (CSPG2) expression was elevated in leukemia cells. CSPG2 has been reported to be elevated in adenomas and carcinomas and may play an important role in cancer cell migration and proliferation. [34] [35] [36] [37] Interestingly, CSPG2 is positively regulated by p53, which has been shown to be inhibited in ATL cells, and by ␤-catenin, which is increased in ATL cells [38] [39] [40] (data not shown). It will be of interest to determine what is regulating CSPG2 promoter function in the ATL cells.
Our studies further suggest that transcription factors C/EBP-␣ and TCF4 were overexpressed in ATL leukemia cells. C/EBP-␣ is known to regulate the balance between cell proliferation and differentiation during early hematopoietic development and myeloid differentiation. In AML, C/EBP-␣ is down-regulated or mutated and has been reported to be a myeloid cell tumor suppressor. In contrast, C/EBP-␣ is activated in precursor B-cell acute lymphoblastic leukemia by rearrangement with the immunoglobulin enhancer. The observed overexpression in ATL cells suggests that C/EBP-␣ may have oncogenic as well as tumor suppressor activities.
Transcription factor TCF4 was overexpressed on average greater than 10-fold in leukemia cells. Interaction of TCF4 with ␤-catenin, which is also overexpressed in ATL cells, results in the import of the heterodimer to the nucleus of the cell. 41 Among the promoters potentially regulated by ␤-catenin/TCF4, we observed that the survival gene BIRC5/survivin was significantly overexpressed in ATL cells. .
Analysis of increased ATL genes by Pathway Studio
In addition to the classic approach of subdividing genes into functional groups to assess involvement in ATL pathogenesis (Table S2) , we analyzed 200 of the most highly overexpressed ATL genes by the Pathway Studio, version 4.0 program, which uses curated and RESNET databases to identify interactions among genes to build pathways, gene regulation networks, and protein interaction maps. Analysis of ATL overexpressed genes generated the network presented in Figure 2 . Interestingly, genes, such as CDC2, CCNB1, BIRC5, and LYN, are "central" in linking activity of peripheral genes in the biologic networks. Not surprisingly, these genes are known to play prominent roles in proliferation, cell-cycle regulation, and antiapoptosis. For example, expression of CDC2 is required for entry into S-phase and mitosis. Cyclin B1 (CCNB1) couples with CDC2 to control cell-cycle progression at the G 2 /M (mitosis) transition. Tyrosine kinases SYK and LYN may have significance in IL-2R signaling in ATL cells. Although the cytoplasmic regions of the IL-2R␤ and ␥ chains lack an intrinsic protein tyrosine kinase, these chains recruit various non-receptor-type tyrosine kinases, including SYK. 39, 42 SYK was up-regulated 2-fold or greater in 12 of 14 and LYN in 10 of 14 leukemia patient samples.
Of significant interest to us was the appearance of BIRC5 as one of the "central" genes. BIRC5 has been reported to be an important determinant for progression in ATL, 40 counteracting a default induction of apoptosis in G 2 /M by acting as an inhibitor of caspase-3 and caspase-7. The results shown in Figure 3A demonstrate that BIRC5 was overexpressed 3.5-fold or greater in 12 of 14 leukemia patient samples compared with control CD4 ϩ cells. In contrast, the level of actin expression did not vary significantly among samples ( Figure 3A bottom panel) . These results were confirmed by quantitative RT-PCR ( Figure S1 ).
Western blot analysis for BIRC5 protein was performed on whole cell extracts from uncultured ATL patient cells or from CD4 ϩ selected cells ( Figure 3B ). Consistent with overexpression at the RNA level, BIRC5 protein was detected in all ATL samples. In contrast, no BIRC5 protein was detected in control CD4 ϩ lymphocytes.
TCF4 regulates BIRC5 gene expression
As noted in "Gene expression patterns observed in acute leukemia versus CD4 ϩ lymphocytes," we observed a significant increase in the level of transcription factor TCF4 in ATL cells. In the following studies, we analyzed TCF4 transcription activity and its relationship to BIRC5 gene expression in HTLV-1-transformed and ATL cells. To analyze TCF4 transcription activity, HTLV-1-transformed C8166 or ATL patient cells were transfected with a TCF4 reporter plasmid. Significant TCF4 activity was detected in both C8166 and ATL46 cells with the TCF4 promoter plasmid, Top-Flash ( Figure 4A ). In contrast, background transcription activity was detected after transfection of the Fop-Flash reporter plasmid carrying a mutation in the TCF4 promoter response element. It is important to note that ATL46 leukemia cells were used in this analysis because they could be obtained from fresh clinical apheresis samples, bypassing the need to analyze activities from frozen cells. The RT-PCR and TCF4 transcription assays presented in Figure 4 confirm elevated levels of BIRC5 and TCF4. To analyze the link between TCF4 activity and BIRC5 gene expression, a plasmid encoding a dominant-negative TCF4 protein (DN-TCF4) was transfected into C8166 and ATL46 cells. Subsequently, RNA was extracted and RT-PCR analysis performed to analyze BIRC5 and control GAPDH gene expression. The results of this study demonstrate that the dominant-negative TCF4 protein inhibits BIRC5 gene expression ( Figure 4B ). To control for nonspecific effects of the transfection, BIRC5 gene expression was normalized to GAPDH mRNA expression, which did not vary significantly.
We also determined the effect of TCF4 and BIRC5 gene expression on cell viability. After transfection of C8166 or ATL46 cells with the control or DN-TCF4 plasmid, cells were incubated for 24 hours and cell viability determined by trypan blue staining 48 hours after transfection. The results presented in Figure 4C demonstrate that decreased viability was observed in both cell types after DN-TCF4 expression. An average decrease in cell viability of 35% in C8166 and 65% in ATL46 was observed. These results suggest that BIRC5 gene expression contributes to cell viability of HTLV-1 and ATL cells.
BIRC5 shRNA decreases viability of ATL leukemia cells
To more directly analyze the importance of BIRC5 in ATL cell viability, cultured lymphocytes from patient ATL15 were electroporated with a plasmid expressing a BIRC5 specific shRNA. Fortyeight hours after transfection, cells were harvested and analyzed for cell viability using the CellTiter-Glo assay (Promega) and BIRC5 RNA levels using RT-PCR. Transfection of cells with the shRNA caused a 7-to 8-fold decrease in BIRC5 RNA expression ( Figure  5A ). In contrast, there was no decrease in BIRC5 expression in the shRNA control-transfected cells. In the cell viability assay, we observed a dramatic decrease in viability in cells transfected with BIRC5 shRNA ( Figure 5B) . No decrease in cell viability was observed in cells transfected with the control plasmid. These studies provide the first direct experimental evidence that BIRC5 expression is linked to viability of ATL cells.
BIRC5 expression was decreased after clinical treatment of ATL with Zenapax and bortezomib
If BIRC5 plays an important role in ATL cell survival in vivo, then a clinical response to treatment might be expected to correlate with a decrease in BIRC5 expression and reduced malignant cell burden. During the course of this study, patient ATL2 was treated with Zenapax (humanized monoclonal antibody that binds to IL-2R␣) for 6 weeks. At the conclusion of the treatment, PBLs were retested by flow cytometry and Affymetrix gene expression analysis. Flow cytometric analysis demonstrated that 63% of the malignant cells were eliminated as determined by staining for 7G7, a second epitope on IL-2R␣ that is not blocked by Zenapax binding. In the Zenapax-treated cells, the RNA expression level of BIRC5 was decreased 10-fold ( Figure 6A ). It is important to note that BIRC5 expression is determined on an equivalent amount of RNA isolated from control or treated cells. Thus, the decrease in BIRC5 expression is not the result of the decrease in the number of circulating tumor cells. We also observed that TCF4 was downregulated in Zenapax-treated cells (data not shown). A similar, albeit less dramatic, decrease in BIRC5 expression was detected in leukemia patient ATL3 after treatment with Zenapax ( Figure 6A) . Interestingly, the decrease in number of malignant cells in the peripheral blood of patient ATL3 was also not as dramatic as in ATL2. These results suggest that Zenapax treatment decreases BIRC5 expression, which correlates with decreased viability of ATL cells.
A decrease in BIRC5 expression was also observed in patient ATL8 after bortezomib treatment. Two years after diagnosis of ATL8 with lymphoma, the patient's PBL count elevated from normal to 40 000 cells/L (Table 1, ATL8 and ATL8a). The patient was treated with bortezomib to rapidly decrease the tumor cell burden in the peripheral blood. To assess the effect of treatment, PBLs were drawn at pretreatment (ATL8a) and at 3 and 72 hours after treatment (ATL8b, ATL8c). Affymetrix analyses showed significant changes in BIRC5 gene expression through disease progression and treatment ( Figure 6B ). First, BIRC5 expression was dramatically increased in the acute leukemia sample (lane 2 vs lane 1) consistent with a role in leukemic progression. Second, by 72 hours after treatment, BIRC5 expression was dramatically decreased (lane 4). Concomitant with a drop in BIRC5 expression (72 hours after treatment), a 60% reduction in lymphocyte cell count in the peripheral blood was observed (Table 1) . It is important to point out that BIRC5 expression is determined on an equivalent amount of RNA isolated from control or treated cells. The decrease in BIRC5 expression, therefore, is not the result of the decrease in the number of circulating tumor cells. Thus, a correlation between BIRC5 expression and decreased cell viability was observed.
To gain further insight into the cellular factors involved in sensitivity to bortezomib, we examined expression of several antiapototic factors. Indeed, we found that, as with the mRNA level, the level of BIRC5 protein decreased with bortezomib treatment (Figure 6C top panel) . In contrast, the antiapototic factors XIAP and Bcl-xL did not decrease ( Figure 6C ). As expected, treatment with bortezomib caused an increase in IB␣ levels, indicating blockage of the proteasome.
To determine whether bortezomib inhibited BIRC5 expression directly, we analyzed BIRC5 expression after treatment of cells with bortezomib in vitro. The expression of 112 apoptosis-related genes was analyzed in MT2 and C81 cells in response to 10 nM bortezomib. One of the most consistent and notable changes detected was a dramatic down-regulation of BIRC5 on treatment with bortezomib ( Figure 6D ). The decrease in BIRC5 signal intensity between the untreated and bortezomib-treated cells was most pronounced in the HTLV-1-infected MT2 cells, which showed an average decrease of 37-fold in 2 separate experiments. The fold change in HTLV-1-infected C8166 cells was consistent, but less dramatic, approximately 2-fold. In contrast, housekeeping genes, such as GAPDH or the biotinylated artificial sequence control, had no significant changes in expression level (data not shown). These results demonstrate that bortezomib treatment of HTLV-1 cells decreases BIRC5 expression.
Genes down-regulated in ATL leukemia cells
We also analyzed genes that were down-regulated in ATL leukemia cells compared with control PBLs. Approximately 191 genes identified as decreased 4-fold or more (Table S3) were analyzed using the Pathway Studio, version 4.0 program. Of interest, at the center of the down-regulated pathway array was interferon-␥ (IFN-␥), which has both antiviral activity and antiproliferative effects on transformed cells and can potentiate the antiviral and antitumor effects of the type I interferons (Figure 7) . [43] [44] [45] The decrease in IFN-␥ expression is interesting because studies examining type 1 cytokine expression in BLV infection of cattle found a significant decrease in IFN-␥ to correlate with disease progression. 46 Further, in a study examining the role of IFN-␥ in tumorigenesis in Tax-transgenic mice, Mitra-Kaushik et al reported that IFN-␥ Ϫ/Ϫ mice show accelerated tumor onset, dissemination, and death compared with IFN-␥ Ϫ/ϩ or ϩ/ϩ mice. 47 In view of these studies, it is interesting to speculate that, although Tax may initially increase IFN-␥ production in CD4 ϩ lymphocytes, 48 this production is blocked as tumor cells progress, contributing to tumorigenesis. We also observed that STAT4 expression was approximately 11-fold lower in leukemia cells compared with CD4 ϩ cells. STAT4 is a critical mediator of proinflammatory immune responses and functions through signal transduction and activation of transcription. 49 STAT4-deficient mice demonstrated that STAT4 is required for most IL-12 biologic responses, including IFN-␥ production. 49, 50 Also of interest is the observation that BCL-2 is significantly down-regulated (14-fold) in ATL cells. BCL-2 normally forms heterodimers with Bax, Bad, Bak, and Bcl-X(L) to function in antiapoptotic activity. 51 Once apoptosis is induced, however, Bcl-2 is proteolytically cleaved. The cleaved protein, lacking the BH4 motif, has proapoptotic activity, causing the release of cytochrome C into the cytosol, promoting further caspase activity.
We also found it interesting that FOS and functionally related genes JUNB, FOSL2, FOSB, and CREM were down-regulated in ATL cells. FOS is a nuclear phosphoprotein that forms a tight but noncovalently linked complex with the JUN/AP-1 transcription factor. In the heterodimer, c-fos and JUN/AP-1 basic regions interact with symmetric DNA half-sites, regulating genes that have an important role in signal transduction, cell proliferation, and differentiation. FOS expression increases on a variety of stimuli, including growth factors, cytokines, neurotransmitters, polypeptide hormones, stress, and cell injury.
Discussion
In the largest study of ATL patients by microarray analysis to date, we have compared the gene expression profiles from 32 ATL patients, which include smoldering, chronic, lymphoma and acute leukemia ATL patients. Because of the homogeneity of the cell population and the tight clustering demonstrated by the leukemia patient samples, we largely focused our initial analysis on this group to identify potential therapeutic targets. The increase in BIRC5 expression in ATL cells was of significant interest. First, BIRC5 plays an important role in cell viability and belongs to the inhibitor of apoptosis protein family of proteins. Binding of BIRC5 to, and inhibition of, certain caspases inhibits apoptosis induced by a variety of stimuli. 52 Second, BIRC5 is overexpressed in a variety of human cancers. High expression of BIRC5 has been associated with resistance to chemotherapy and poor prognosis of carcinomas of the lung, breast, colon, and esophagus. 53, 54 Third, among the known inhibitor of apoptosis proteins, BIRC5 has been reported to be overexpressed in ATL and the expression level correlated with a shorter survival of the patients. [55] [56] [57] Although BIRC5 has been a focal point of several studies related to HTLV-1 and ATL, it is important to note that our results make a significant and critical contribution. Several groups have reported a correlation between HTLV-1-infected cell death and decreased BIRC5 expression. Che et al 55 Sasaki et al 28 recently reported analysis of expression patterns of 12 000 genes in 8 acute ATL patients. Three genes including TSLC1/IGSF4, CAV1, and PGDS were overexpressed more than 30-fold in the uncultured ATL cells. In the present study, we also observed that PGDS and TSLC1/IGSF4 expression was elevated in all the leukemia samples analyzed. Increased expression of PTHLH, CCNB1, and RGS13 was also seen here and by Sasaki et al. 28 In contrast to the findings of Sasaki et al, 28 we did not see elevated expression of the CAV1 in the majority of the ATL leukemia samples examined. In our analysis, 3 of the 14 ATL patients (ATL8a, ATL18, and ATL32) had elevated levels of CAV1 RNA. The remaining 11 ATL patients had low CAV1 levels similar to that observed in control CD4 ϩ lymphocytes. We have, however, observed that cultured lymphocytes express elevated levels of CAV1. It is possible that the cells analyzed by Sasaki et al 28 had been stimulated during lymphocyte purification. Interestingly, Sasaki et al 28 did not find elevated BIRC5 levels in their analysis. This could be the result of the difference in probe pair usage in the Hu95A microarray used by Sasaki et al 28 compared with the HU133A microarrays we used. The later microarray contains more probe pairs scanning a larger portion of the BIRC5 gene.
In a separate study, Tsukasaki et al 27 analyzed the expression pattern in chronic versus acute ATL patients by analyzing 3 matched chronic and acute ATL samples from the same patient, as well as PBLs from a typical chronic ATL and an acute phase patient. Among the approximately 200 genes up-regulated in uncultured acute ATL samples, the authors highlighted immunophilin PPIB, a member of a conserved class of proteins important for T-cell activation. RNA-binding proteins YB-1 and nucleolin were also reported to be up-regulated, both of which bind to the JNK response element and stabilize IL-2 mRNA.
To distinguish the genes noted in our study as unique to ATL and not representative of a set of genes deregulated in CD4 ϩ malignancies, we compared the gene set we observed in ATL leukemia patients with another T-cell malignancy. Sezary syndrome is a leukemic variant of cutaneous T-cell lymphoma in which neoplasic CD4 ϩ skin-homing memory T cells or Sezary cells are found in the skin, lymph nodes, and peripheral blood. Sezary syndrome has similar clinical and pathologic features to ATL. When we compare overexpressed genes in ATL to Sezary syndrome, only 20 genes were found to be shared by both diseases. 60 Notably, BIRC5, CDC2, and LYN/SYK genes were not increased in Sezary cells. In contrast, RANK/L and PTHLH were increased for both ATL and Sezary syndrome. This suggests that, although some genes are overexpressed in both tumors, there are also distinguishing gene sets for each T-cell malignancy.
An effective clinical treatment regimen for ATL patients has not been realized. Our studies have identified several genes that could be targeted in the treatment of ATL. Among the potential targets is BIRC5, an inhibitor of apoptosis. BIRC5 has been successfully targeted in other cancers by drugs, such as oxaliplatin, sodium arsenite, adenovirus vectors encoding siRNAs, kinase inhibitors, and resveratrol. 61 In view of these studies, it may make sense to consider combining general therapeutic regimens, such as Zenapax, with a targeted therapy for proteins such as BIRC5. By adding the targeted intervention, the 2 therapeutic agents could act via different mechanisms of action and manifest additive or synergistic efficacy in the treatment of ATL.
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